Nanostructured metals are generally unstable; their grains grow rapidly even at low temperatures, rendering them difficult to process and often unsuitable for usage. Alloying has been found to improve stability, but only in a few empirically discovered systems. We have developed a theoretical framework with which stable nanostructured alloys can be designed. A nanostructure stability map based on a thermodynamic model is applied to design stable nanostructured tungsten alloys. We identify a candidate alloy, W-Ti, and demonstrate substantially enhanced stability for the high-temperature, long-duration conditions amenable to powder-route production of bulk nanostructured tungsten. This nanostructured alloy adopts a heterogeneous chemical distribution that is anticipated by the present theoretical framework, but unexpected based on conventional bulk thermodynamics.
Over the past few years, attention has shifted to the problem of stabilizing nanocrystalline structures by alloying. Whereas one approach to the problem is a classical kinetic strategy, that is, including alloying elements to slow grain growth, there is increasing interest in the notion of genuine thermodynamic stabilization of grain boundaries (12) (13) (14) (15) (16) (17) (18) . In analogy to microemulsions, in which the addition of surfactant is used to stabilize interfacial area (19) , the concept of thermodynamic nanostructure stabilization is to add to a polycrystal an alloying element (solute) selected for its preference to occupy grain boundary sites vis-à-vis those in the crystal interiors to relieve the energy penalty of the interfaces. The grain boundary energy, γ, is lowered from that of a pure material, γ , through such segregation, which in a simplified and linearized view can be written (12) γ γ Γ Δ k ln (1) where the specific solute excess at the boundary, Γ, lowers the enthalpy by ΔH seg , the enthalpy of segregation, and raises the entropy via kTlnX, with kT the thermal energy and X the composition.
A few systems, both simulated and experimental, have provided evidence that this thermodynamic approach can suppress grain growth and stabilize nanostructured polycrystals (16, (20) (21) (22) (23) (24) (25) (26) (27) (28) . Some authors have provided guidelines for estimating the grain boundary segregation strength given a base element by identifying preferred features of the solute, for example, atomic size mismatch with the solvent (16) or low bulk solid solubility (23, 24) , both of which are presumed to correlate with a higher tendency for solute rejection into grain boundaries. By and large, these approaches amount to semi-empirical preferences for alloy systems that might exhibit grain boundary segregation and do not generally speak to true thermodynamic stability of nanostructures, which requires consideration of the relative stability of nanostructured phases to competing bulk phases. For example, existing approaches often suggest systems that experience other problematic structural instabilities beyond just normal grain growth, that is, abnormal grain growth or phase decomposition (21) (22) (23) (24) . We advance a thermodynamic model, with which nanostructure stability maps can be generated and used as a design tool. One newly predicted system, namely W with a minority addition of Ti, is evaluated and demonstrates stability at a length scale of around 20 nm over long durations at elevated temperatures.
To assess the efficacy of solutes in stabilizing nanostructures, we describe the mixing free energy of a nanostructured binary system with separate energetic interactions in grain and intergranular regions. The two regions are not treated as separate phases, per se, but are geometrically connected to one another such that a reduction in grain size, d, causes an increase in the grain boundary volume fraction, f gb , which follows the scaling 1 , where t is the mean grain boundary thickness and d ≥ t. The model, presented in a preliminary form by Trelewicz and Schuh (29) , reduces to a classical regular solution model in the limit of infinite grain size and also reproduces a grain boundary energy expression like that of Eq. (1) in the proper limit. The model thus essentially provides the form of Gibbs free energy surfaces for mixing, G mix , as a function of both f gb and X as
where the subscripts denote the two regions, crystal (c) and grain boundary (gb), and the superscripts denote the two alloy components, A (solvent) and B (solute). The symbol G mix denotes the Gibbs free energy for a regular solution model, written for the subscripted components: the first two terms in the equation thus amount to a weighted average of two regular solutions, one for the crystals and one for the grain boundary regions. The additional terms are associated with the geometrical way in which those two regions interact. The bond energies are collected in the usual way into an interaction parameter, ω, of which there are two (crystal and grain boundary); additional terms include the coordination number, z; transition bond fraction, ν;
and atomic volume, Ω. The most important point for this model is that it describes a free energy surface in composition-grain size space. We are interested in finding alloys where there are global minima in such a surface, that is, where there is a thermodynamically preferred grain size dictated by the grain boundary segregation state at a given composition.
For the purposes of developing a design approach, it is useful to focus on two key thermodynamic parameters, which together contain all of the most relevant physics of the problem: the enthalpy of mixing in the crystalline state, Δ ω 1 , to represent the grain interior, and the dilute-limit enthalpy of segregation, Δ ω , to capture the thermodynamics of the grain boundary environment, which incorporates chemical interactions, elastic mismatch, and the mismatch in interfacial energies. These two parameters form the axes of a nanostructure stability map, as shown in Fig. 1A . By fixing other quantities (most notably, temperature), we can iterate the values of these two parameters over physically plausible ranges and calculate the shape of the free energy surface given by Eq. (2). We identify the global minima that correspond to nanocrystalline grain sizes with a particular grain boundary segregation profile. These minima are then compared to the energies of other possible bulk states. Combinations of parameters that have stable nanocrystalline states are marked by green points; those without, red x's. The conditions under which a nanocrystalline system would be stable or not are thus demarcated by the green and red regions of Fig. 1A .
Examples of how nanocrystalline states are evaluated for stability with respect to bulk structures are shown in Fig. 1, B and C, for conditions in which the nanocrystalline structure is stable and unstable, respectively. In these panels, the blue curves represent local cuts of the free energy surface of Eq. (2) and the lowest-energy state available for particular nanocrystalline grain sizes and segregation states. There are many such states across a range of composition, as reflected by the multiple distinct curves shown in the panels. The black curves are the bulk regular solution; the systems shown exhibit a miscibility gap denoted by the common-tangent dashed lines because they have positive H mix . The difference between Fig. 1B and 1C lies in the position of the nanostructure free energy curves with respect to the bulk phase separation common-tangent line. In Fig. 1B , the nanostructured states are stable, that is, have lower Gibbs free energy than the competing bulk phase separated state. In Fig. 1C , there are nanostructured states that could exist, but these are less stable than bulk phase separation. The difference between the two systems in Fig. 1, B and C is fundamental, and we specifically seek to identify alloys that fall into the first category rather than the second.
To demonstrate the utility of the map in Fig. 1A , we consider one problem in nanostructured alloy design, namely the development of nanocrystalline tungsten, which is of interest for its anticipated high strength and unique capacity for shear localization (30, 31) , but which has proven challenging to produce in bulk form because of its extremely high melting (and therefore processing) temperature. The finest grain sizes reported in a bulk tungsten material are about 40 nm, and this required a complex processing route involving multiple severe deformation steps (32) . In principle, tungsten could be made in bulk form through a powder route, but the requirement of high-temperature sintering is usually a debilitating roadblock to such routes because of nanostructure coarsening; tungsten can generally only be sintered at temperatures above about 1050ºC even with sintering aids (33, 34).
We use Eq. (2) and Fig. 1A to develop a stable nanostructured W alloy by first placing particular alloying elements for W on the map. This requires estimates of both H mix and H seg for each possible binary system. We have calculated these quantities and populated Fig. 1A with all of the alloys (35) that exhibit positive H mix with W and for which reliable data are available (values listed in table S1, with more details on the calculations provided in the supplementary materials). There is, of course, some uncertainty in all of these estimates, generally of the magnitude illustrated for one of the represented alloys, W-Ti, on the map. Fig. 1A identifies a variety of candidate stable nanostructured materials that lie in the green region. Closer consideration reveals some unexpected predictions. For example, the likelihood of nanostructure stability has often been estimated by solute segregation strength based on atomic size mismatch and/or solubility. However, in the present system, the solute with the highest size difference listed in table S1 (Sr, ~55% mismatch with W) and those with the lowest solubility (Ag and Cu, essentially zero solubility) lie decidedly in the red bulk stable region in Fig. 1A . Also counterintuitively, the element with the lowest value of H seg in the set, Ti, is actually one of the most suitable candidates, being safely within the nanocrystalline stable region. In fact, Ti would be counterindicated by conventional approaches, which would seek low bulk solubility [Ti has extremely high solubility in W of 48 atomic % at 1100°C (36)] and high atomic size mismatch (Ti has a low-to-moderate mismatch with W of only ~6%).
On the basis of these results, we produced a W-20 atomic % Ti alloy with an average grain size around 20 nm (Fig. 2B ) by high-energy ball milling (35) ; the output of this process is microscale powders, where each particle comprises many nanocrystalline grains. As a control, we also produced unalloyed nanocrystalline W with about the same grain size through the same process. The powders were then equilibrated at 1100°C in an argon atmosphere for one week; at this temperature the dominant diffusion pathway is intergranular, and the mean diffusion distance is several micrometers, which is thousands of times greater than the grain size. Pre-and postannealing structures were characterized to explore the stability of the nanostructure, and Fig.  2 shows the most important results of such characterizations.
After one week at 1100°C, the unalloyed nanocrystalline W exhibits the typical instability of such materials, with grain coarsening to the micrometer scale, as shown in Fig. 2C . On the other hand, the W-20 atomic % Ti alloy retains a uniform nanostructure with a nominally unchanged average grain size of about 20 nm. This stability can be seen visually in Fig. 2D and quantitatively in the grain size distributions of Fig. 2A . With Ti present, the system adopts a complex alloy configuration where Ti and W are heterogeneously distributed on the nanoscale as a polycrystalline body-centered cubic (BCC) structure, with no signatures of any amorphous content. This heterogeneous distribution is illustrated by the chemical arrangement in the equilibrated alloy in Fig. 3, with Fig. 3A showing the atomic contrast between W and Ti and Fig.  3B showing a local chemical map based on energy dispersive spectroscopy (35) . A compositional line scan in Fig. 3C reveals the magnitude of the Ti composition ranging from near 0 atomic % to about 50 atomic %.
The nanoscale chemical distribution seen in Fig. 3 is not expected for a bulk equilibrium alloy, where Ti is soluble to 48 at.% in W at the equilibration temperature, and a homogeneous chemical distribution should be observed. This solute distribution is a consequence of the nanostructure: the high volume fraction of grain boundaries creates different chemical configurations, and a lower energy state results from the heterogeneous solute distribution. In a nanoscale structure, a heterogeneous solute distribution is explicitly expected from Eq. (2).
From a technological standpoint, the results in Figs. 2 and 3 suggest that nanocrystalline tungsten can, in principle, be made sufficiently stable to survive a typical consolidation thermal cycle. Given the exceptionally high strength of nanocrystalline BCC metals (37) and the unusual secondary properties (such as shear localization) that emerge at these grain sizes, the present results may speak to a new family of engineering tungsten alloys. At the same time, our experimental work on W-Ti is simply an example of a single alloy design exercise; the above approach may be applied again to a number of different base metals. Fig. 1 . The nanostructure stability map for tungsten based alloys at 1100°C, calculated on the basis of variation of the enthalpy parameters in Eq. (2) (A). For each combination of parameters, the free energy of nanocrystalline structures is compared to that of the bulk regular solution (for details of the comparison, see Figs. S1 and S2). An example case for the nanocrystalline stable region is presented in (B), for a specific alloy of W-Sc. The free energy of the nanostructured phases is below that of the regular solution common tangent (dashed line). In (C), a bulk stable case where the nanostructured phases fall above the common tangent line is shown; the W-Ag system will then prefer to phase separate at bulk scales as dictated by the bulk regular solution thermodynamics. Particular binary tungsten alloys are placed on the map after calculating their enthalpies of mixing and segregation; for W-Ti, the typical ranges of uncertainty of these calculations are shown. (For details of this calculation, see tables S1 and S2.) 
